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The exchange bias (EB) effect has been observed in magnetic Bi0.9Gd0.1Fe0.9Ti0.1O3 nanoparti-
cles. The influence of magnetic field cooling on the exchange bias effect has also been investigated.
The magnitude of the exchange bias field (HEB) increases with the cooling magnetic field, showing
that the strength of the exchange bias effect is tunable by the field cooling. The HEB values are also
found to be dependent on the temperature. This magnetically tunable exchange bias obtained at
temperatures up to 250 K in Bi0.9Gd0.1Fe0.9Ti0.1O3 nanoparticles may be worthwhile for potential
applications.
PACS numbers:
I. INTRODUCTION
The exchange bias (EB) effect was discovered in 1956
by Meiklejohn and Bean when studying Co particles em-
bedded in their native antiferromagnetic oxide (CoO) [1].
This effect is widely used in different magnetic sensors
and read heads for spintronic applications [2]. The phe-
nomenon manifests itself by a shift of the magnetization
vs magnetic field (M −H) hysteresis loop of a magnetic
system along the field axis when the system is cooled
down through the Ne´el temperature of the antiferromag-
netic component of the system. So far most of the ex-
perimental studies in this field have been focused on the
investigations of specially prepared systems, such as core-
shell nanoparticles with the ferromagnetic (FM) core cou-
pled to the antiferromagnetic (AFM) shell [1, 3], or thin
films composed of FM and AFM thin layers [2] or bi-layer
systems like Co/CuMn where a spin glass like behavior
has been used to interpret the EB effect [4]. The EB effect
was observed not only in specially prepared systems but
also in bulk perovskite manganites [5, 6] and cobaltites [7]
with spontaneous magnetic phase segregation. Interest-
ingly, the EB effect attributed to spontaneous phase sep-
aration has recently been observed in a couple of multi-
ferroic materials [8]. However, almost all of the currently
known materials with multifunctional activities demon-
strate a low magnetic-ordering temperature which is in
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contrast to a room temperature ferromagnetic-transition
temperature (TC > 350 K) [9] typically needed in ap-
plications. This is a clear obstacle to the exploitation of
multiferroics in real applications at room temperature. It
is worth noting that among the limited available multi-
ferroics, BiFeO3 stands out as the only multiferroic com-
pound which is so far known to show both electric and
magnetic ordering in a single phase well above the room
temperature [10]. The high characteristic phase transi-
tion temperatures, e.g., ferroelectric Curie temperature
TC = 1100 K and antiferromagnetic Ne´el temperature
TN = 640 K [9, 11] of BiFeO3 are promising for appli-
cations in magnetic and ferroelectric devices. The co-
existence of multiferroicity and EB in structurally single
phase BiFeO3 is remarkable and needs to be explored to
search for new multiferroic materials having technologi-
cal applications. Recently, to ascertain the presence of
EB effect in Na doped BiFeO3 nanoparticle system, the
training effect was studied [12]. For the 3 % Na doped
BiFeO3 nanoparticles, a monotonic decrease in the EB
field have been observed with increase in the field cycles
number (n). The experimentally observed training ef-
fect data points were found in accordance with Binek’s
model based on the antiferromagnetic (AFM) and fer-
romagnetic (FM) interface. Notably, the EB effect was
observed in BiFeO3 without any magnetic-field-annealing
process through TN [10] (the conventional method of in-
ducing unidirectional anisotropy [13]). It has also been
observed without using any alloy layers [14], however,
then the biasing strength of BiFeO3 is observed to be
very weak with HEB = 36 Oe [14] at room temperature.
Such a weak biasing effect is also observed at room tem-
perature in a number of previously studied materials [15].
Moreover, the effect is found to vanish above 100 K [16]
in some other materials, thus making such systems less
attractive for applications.
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2In the present investigation, we have observed increas-
ing exchange bias effect as temperatures drop, reaching
103 Oe only 50 K below room temperature in magnetic
Bi0.9Gd0.1Fe0.9Ti0.1O3 nanoparticles. The effect appears
as an asymmetric shift of the hysteresis loop towards the
magnetic field axis both in zero field cooling (ZFC) and
field cooling (FC) conditions. The exchange bias field
(HEB) was found to increase significantly as the cooling
magnetic field (Hcool) was increased.
II. EXPERIMENTAL DETAILS
The mutiferroic ceramic with nominal composition
Bi0.9Gd0.1Fe0.9Ti0.1O3 was prepared initially by con-
ventional solid state reaction technique which was de-
scribed in details elsewhere [17]. The ceramic pellets
were ground again into powder by manual grinding. The
Bi0.9Gd0.1Fe0.9Ti0.1O3 nanoparticles were prepared di-
rectly from this bulk powder by using the sonication
technique described in Ref. [18]. The bulk powders were
mixed with isopropanol with a ratio of 50 mg powder and
10 ml isopropanol and then put into an ultrasonic bath
and was sonicated for 60 minutes. After around four
hours, ∼ 35 % of the mass was collected as supernatant
and was used for structural and magnetic characteriza-
tion. The particle size was studied using transmission
electron microscopy (TEM) imaging that confirmed the
formation of a large fraction of single-crystalline nanopar-
ticles with a mean size of 40-100 nm as shown in figure
1(a). A high magnification TEM bright field image and
the corresponding particle size distribution histogram de-
duced from a number of TEM images were shown in
the supplemental figure 1(S1) [19]. The high resolution
(HR) TEM image, figure 1(b) shows the crytalline plane
of the monocrystalline particle. The X-ray diffraction
(XRD) patterns of the Bi0.9Gd0.1Fe0.9Ti0.1O3 nanopar-
ticles with rhombohedral crystal structure are shown in
figure 1(c). In the synthesized nanoparticles, there is only
one secondary phase and it is labeled by an open circle,
figure 1(c) compared to that of a significant number of
different impurity peaks appeared in the corresponding
bulk ceramic [17]. Magnetization measurements of mag-
netic Bi0.9Gd0.1Fe0.9Ti0.1O3 nanoparticles were carried
out using a Superconducting Quantum Interference De-
vice (SQUID) Magnetometer (Quantum Design MPMS-
XL7, USA) both at zero field cooling (ZFC) and field
cooling (FC) processes.
III. RESULTS AND DISCUSSIONS
First of all, to ensure the difference in magnetization
between synthesized nanoparticles and the corresponding
bulk ceramic powders a temperature dependent magneti-
zation measurement was carried out. Figure 2 shows the
temperature dependence of the magnetization (M − T )
of Bi0.9Gd0.1Fe0.9Ti0.1O3 nanoparticles and bulk ceramic
FIG. 1: (a) Bright field TEM image of Bi0.9Gd0.1Fe0.9Ti0.1O3
nanoparticles prepared by ultrasonication technique [18]. (b)
HR TEM image showing the crystal plane of a monocrys-
talline nanoparticle. (c) X-ray diffraction patterns of
Bi0.9Gd0.1Fe0.9Ti0.1O3 nanoparticles (The open circle de-
notes secondary phase).
materials in ZFC and FC processes. To perform the ex-
periment the sample was cooled in the absence of the
magnetic field (ZFC) to a low temperature. At the low-
est achievable temperature a small magnetic field of 500
Oe is applied on the sample. Then the magnetization
was measured as a function of temperature as the sam-
ple was heated back to room temperature in the 500
Oe field. The magnetization of nanoparticles is signif-
icantly higher (around ten times) over a wide range of
temperature compared to that of bulk material. This en-
hancement is due to the reduced size of the phase pure
nanoparticles [18, 20, 21]. With decreasing particle size,
the surface-to-volume ratio increases and therefore the
contribution of the surface spins to the total magnetic
moment of the particle increases [21, 22]. Both ZFC and
FC M−T curves of Bi0.9Gd0.1Fe0.9Ti0.1O3 nanoparticles
have not shown any bifurcation which indicates the ab-
sence of any spin flipping effect [20, 23, 24]. The ZFC and
FC curves were also found to coincide with each other in
similar multiferroic materials [25, 26].
An M-H hysteresis loop of the synthesized nanoparti-
cles was carried out at room temperature, figure 3. The
unsaturated hysteresis loop with an applied magnetic
3FIG. 2: Temperature dependence of magnetization (M − T
curves) of Bi0.9Gd0.1Fe0.9Ti0.1O3 nanoparticles and bulk ce-
ramic powders measured in ZFC and FC processes.
field of up to 50 kOe along with a large value of coer-
civity (around 6 kOe) clearly indicates the presence of
both ferri/ferro and antiferromagnetic domains in these
nanoparticles. In our previous investigation, for nanopar-
ticles having 12 nm particle size we have observed a well-
defined ferromagnetic hysteresis loop at room tempera-
ture with a small value of coercivity (53 Oe) [18] as shown
in the inset of figure 3 (Inset (a)). Therefore, the pres-
ence of multiple magnetic domains in nanoparticles hav-
ing particle sizes 40-100 nm provides the pre-condition
to explore EB effect at/near room temperature.
FIG. 3: The room temperature M − H hysteresis loops of
magnetic Bi0.9Gd0.1Fe0.9Ti0.1O3 nanoparticles having aver-
age particle size 40-100 nm. The inset (a) shows the M-H
loop of the nanoparticles having average size 12 nm [18]. The
inset (b) shows the variation of HEB as a function of temper-
ature.
This motivated us to study the possible exchange bias
effect in Bi0.9Gd0.1Fe0.9Ti0.1O3 nanoparticles and there-
fore the M − H hysteresis loops were carried out. The
hystereis loop was taken at 300 K and then in separate ex-
periments at 250 K and 150 K by cooling down the sam-
ple from 300 K. During the cooling process from 300 K to
250 K and 150 K we did not apply any magnetic field i.e.
the experiments were carried out in ZFC condition. The
room temperature M −H hysteresis loop as well as the
loops taken at 150 K and 250 K in zero field condition ex-
hibit an asymmetric shift towards the magnetic field axes
[27]. This is a signature of the presence of an exchange
bias effect in Bi0.9Gd0.1Fe0.9Ti0.1O3 nanoparticles [27].
The exchange bias field from the loop asymmetry along
the field axis can be quantified as HEB = −(Hc1+Hc2)/2
where Hc1 and Hc2 are the left and right coercive fields,
respectively [5, 27]. The variation of HEB as a func-
tion of temperature is shown in the inset of figure 3
(b). Notably, at 300 K, for nanoparticles having par-
ticle size 40-100 nm, the exchange bias field is 79 Oe
which is significantly higher than the value reported in
Ref.([14], HEB = 36 Oe) for bulk BiFeO3 ceramic. In the
case of our previously investigated nanoparticles having
12 nm particle size [18], their nearly saturated hysteresis
loop demonstrated a ferromagnetic nature of the synthe-
sized nanoparticles and their magnetization values were
much larger than those of nanoparticles having 40-100
nm size and also than those of their bulk counterparts.
But, as the system having 12 nm particle size is turned
into almost one single ferromagnetic domain, any notable
exchange effect was absent. The effect of increased par-
ticle size on the magnetic behavior and in particular on
the exchange bias effect of this kind of multiferroic sys-
tem (undoped BiFeO3) was reported in Ref. [21]. The
exchange bias field was found to decrease with reduced
particle size which have comparatively higher saturation
magnetization. For 14 nm BiFeO3 nanoparticles, the hys-
teresis loop was fairly saturated and the biasing field was
insignificant i.e. only 2.5 Oe [21].
As there is a substantial value of HEB at 150 K and
250 K in ZFC condition, therefore, in the subsequent
experiments, the magnetic hysteresis loops were carried
out at these two temperatures by cooling down the sam-
ple from 300 K in various cooling fields (Hcool) ranging
from 20 kOe to 60 kOe. In each experiment, the mea-
suring magnetic fields were from -30 kOe to 30 kOe. No-
tably, using the SQUID magnetometer (Quantum Design
MPMS-XL7, USA) it was not possible to heat the sam-
ple above 300 K, therefore the field cooling experiments
were not possible to conduct at 300 K.
The M −H loops of Bi0.9Gd0.1Fe0.9Ti0.1O3 nanopar-
ticles at 150K after being cooled from 300 K in zero field
and then in a separate experiment in 60 kOe fields are
presented in figure 4 as a typical example. Strong mag-
netic anisotropy in the material can be confirmed via
very large coercive field (around 5.1 kOe) and unsatu-
rated loops when applying high fields. The inset of fig-
ure 4 shows an enlarged view of the central region of the
4FIG. 4: M − H hysteresis loop of Bi0.9Gd0.1Fe0.9Ti0.1O3
nanoparticles at 150 K. Inset: an enlarged view of M − H
hysteresis loops showing the asymmetric shifting of field axis
of Bi0.9Gd0.1Fe0.9Ti0.1O3 nanoparticles for a cooling field of
60 kOe.
loops of nanoparticles which demonstrate clearly asym-
metry of the loops along the field axis (inset of figure 4).
More details of the loop asymmetry at different cooling
fields and temperatures can be found in the supplemen-
tal figures 2(S2) and 3(S3) [19]. The exchange bias field
HEB values were calculated from the loop asymmetry at
different temperatures for different cooling fields, Hcool.
Along with HEB , the coercive field (Hc) is also quantified
by Hc = (Hc1−Hc2)/2 [28]. The Hc values for nanopar-
ticles at 150 K and 250 K are presented in supplemental
table 1 [19]. At high temperature (250 K), the highest
coercivity is 5.1 kOe for a cooling magnetic fields of 60
kOe. The coercivity was found to increase with cooling
magnetic fields as was also observed in multiferroic [8] as
well as in manganite system [5].
Figure 5 illustrates the exchange bias effect at 150
k and 250 K in Bi0.9Gd0.1Fe0.9Ti0.1O3 nanoparticles in
which the HEB can be controlled by cooling field up to
60 kOe. The HEB values are reduced with increasing
temperature (figure 5 and figure 3 (b)) which is similar
to results reported in previous investigations [8, 16, 29].
It is worth mentioning that such a high magnitude of
exchange bias field HEB at such high temperatures has
never been observed so far in related materials system
[6, 8] to the best of our knowledge. The HEB values
as a function of cooling magnetic fields were also signif-
icantly higher in nanocrystalline La1/3Sr2/3FeO3−δ [30]
compared to other reported values in structurally single
phase alloys and compounds [31]. However, the HEB val-
ues in nanocrystalline La1/3Sr2/3FeO3−δ were observed
at 5 K [30] whereas in this investigation the values were
reported up to 250 K.
As shown in figure 5, increasing cooling field, Hcool,
FIG. 5: Cooling field dependence of exchange bias field (HEB)
at 150 k and 250 K for Bi0.9Gd0.1Fe0.9Ti0.1O3 nanoparticles.
gives rise to increase in HEB . This observation ulti-
mately indicates that the cooling magnetic field, Hcool
induces a very strong anisotropic [30] magnetic phase in
this nanoparticle system. It was reported earlier that
in BiFeO3, the magnetic ordering is of antiferromagnetic
type, having a spiral modulated spin structure (SMSS)
with an incommensurate long-wavelength period about
62 nm [32], thereby, cancelling any macroscopic magne-
tization resulting from the spin canting [32]. Due to the
simultaneous substitution of Gd and Ti in BiFeO3, the
SMSS of BiFeO3 is likely suppressed [17]. However, the
large coercive fields and unsaturated behavior in the hys-
teresis loop under 30 kOe applied magnetic fields indicate
the co-existence of strong-anisotropic ferri/ferromagnetic
and antiferromagnetic domains. As a consequence of the
coupling between these multiple magnetic domains, it is
expected that the system acts as a natural system for
generating EB effect in magnetic Bi0.9Gd0.1Fe0.9Ti0.1O3
nanoparticles [21, 33].
Although the mechanism for the EB phenomenon of
pure nanoparticle is still elusive, however, the physical
origin of exchange bias is rather generally accepted to be
the exchange coupling between two magnetization com-
ponents of the individual particle: the uncompensated
spins at the surface are ferromagnetic, while the spins in
the inner of nanoparticle are antiferromagnetic and re-
ferred to as an AFM core surrounded by an FM shell
[34]. Therefore, the shift in the hysteresis loop occurs
due to an interface exchange coupling between the core
and shell of the nanoparticle system [35]. This core-shell
multiferroic nanoparticles are functional nanomaterials
and could be a promising candidate for future applica-
tions even in several fields of biomedicine [36]. It is re-
ported that the interface exchange coupling may provide
the nanoparticles with exchange bias properties, which
can help in the conversion of electromagnetic energy into
5heat for magnetic hyperthermia [37, 38].
IV. CONCLUSIONS
In conclusion, tunable exchange bias effect has
been observed at temperatures up to 250 K in
Bi0.9Gd0.1Fe0.9Ti0.1O3 nanoparticles without necessarily
cooling the samples through ordering temperature TN .
The exchange bias effect depends on cooling magnetic
field and the biasing fields are significantly higher at
such a high temperature compared than those observed
in related materials system at low temperature [6, 8].
Moreover, the large exchange bias field as well as co-
ercive field (up to 1.95 kOe and 5.1 kOe, respectively)
make the studied material an interesting starting point
for further improving EB materials towards room tem-
perature.The observed shift in the hysteresis loop could
speculatively be attributed to an exchange bias effect
between permanent antiferromagnetic (and canted) core
spins and relative free ferromagnetic surface spins as seen
in other nanoparticle systems [21, 33]. The likely pres-
ence of both magnetoelectric and interface exchange cou-
pling in this type of multiferroic material system might
be worthwhile for their application in novel multifunc-
tional devices. We also anticipate great potential for ap-
plications of multiferroic nanoparticles in energy related
applications. In the subsequent investigation, we are in-
terested in solar hydrogen production via water splitting
where these nanoparticles will be used as a photocata-
lyst due to their enhanced photocatalytic activity [39]
and small band gap. The synthesized photocatalyst will
also be deposited as a thin film on a substrate to form
a photo-anode (or photoelectrode) for carrying out the
water splitting reaction in solution.
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